Particulate 137 Cs was collected from stream water for 2 years to assess the long-term trend of 137 Cs discharge from a forest after the Fukushima Nuclear Power Plant accident. A seasonal increase in the fluvial transport load of particulate 137 Cs in suspended solids (SS) was observed in July-October when rainfall was abundant. The 137 Cs load was controlled by the SS load. This control was attributed to cesium affinity for phyllosilicate clay minerals as verified by the low extractability of particulate 137 Cs. These findings indicate the fluvial particulate 137 Cs load is significantly related to the climate and geomorphological features of Japan.
Introduction
A large amount of radionuclides was released into the atmosphere following the Fukushima Daiichi Nuclear Power Plant (NPP) accident [1] [2] [3] triggered by the Great East Japan Earthquake (March 11, 2011) . Among the various radionuclides released [4, 5] , the 134 Cs (a half-life of 2.065 y) and 137 Cs (a half-life of 30.04 y) isotopes caused long-lasting environmental contamination [6, 7] .
A major part of the affected area is located in hilly, forested catchments because of the regional geography [8] . Moreover, some forests are located near residential areas and offer economic opportunities. Therefore, the fate of the radioactive fallout in the forest has been a central issue in radioecology following the Fukushima Daiichi NPP accident e.g., [9] .
We previously investigated the vertical migration of 137 Cs with water seepage through the forest floor [10] , and the redistribution of 137 Cs on a forested hill slope via biological processes [11] , and the spatial variation in air dose rates due to the radiocesium deposited on the forest floor [12] .
In addition to these 137 Cs dynamics in the vegetationsoil system, the discharge of 137 Cs into streams through forested catchments is important e.g., [13] . This is typically a unique outflux of the fallout radionuclides from the forest ecosystem and should be considered in the radionuclide balance of the forest ecosystem. In addition, running water from the catchments is used by industries, and for irrigation and drinking water e.g., [14] .
Various studies have been conducted regarding how river systems have been affected by this accident. Sakaguchi et al. [15] provided an early investigation of water body contamination in the Abukuma River Basin near the NPP. The peculiar importance of the particulate form of Division of Sustainable Resources Engineering, Graduate School of Engineering, Hokkaido University, Sapporo 060-8628, Japan 137 Cs in fluvial transport under high flow conditions was assessed during the first 6 months after the accident [16] . Studies concerning the migration of 137 Cs in small catchments during storm events were also performed [17] [18] [19] . The solid-phase transport of 137 Cs from upstream to midstream was investigated through a bed sediment analysis in the Abukuma River Basin [20, 21] . Research by Sakaguchi et al. [22] enhanced our understanding of this subject by addressing the characteristics of suspended solid (SS) along tributaries and the main stream of the Abukuma River Basin. Yoshimura et al. [23] presented a dataset with partitioning between the particulate and dissolved forms of 137 Cs at 30 locations in the Abukuma and other river basins. Tsuji et al. [24] discussed the relationship between the ground deposition density and the occurrence of 137 Cs in adjacent rivers.
These studies are all important for understanding the behavior of the 137 Cs derived from the Fukushima Daiichi NPP accident in the river system. However, the period of the consecutive field observations of these studies was limited, spanning up to 6 months [16, 18] , although a recent report on dissolved 137 Cs concentration variations studied a three year period [25] . In addition, the sampling frequencies in these studies were generally limited to once or twice per month.
According to reports of 137 Cs derived from weapons testing e.g., [26] [27] [28] and the case of the Chernobyl accident [29] , the discharge of atmospherically derived, artificial radionuclides into rivers from catchments lasts more than several decades. Therefore, it is important to conduct longterm observations to accurately understand and describe the effects of this contaminant over time. Here, we report long-term observations of the fluvial 137 Cs transport following the Fukushima Daiichi NPP accident in a pristine river located in a mountain catchment. In our observations, we conducted a continuous and unmanned collection of suspended solids.
The difficulties encountered when conducting long-term observations include the sample collection workload during stochastic rainfall events. We developed a passive, integrated collection system for SS and dissolved components to conduct long-term observations [30] . The technological details of the system, the performance of SS collection over 1.5 y, and the 137 Cs results of four collection periods were described in our previous paper [30] .
This study involves an additional 6 months of data to the dataset of the previous paper on SS collection [30] . This expansion enables us to do comprehensive discussions on seasonal and annual variations in the fluvial 137 Cs flux for the continuous 2 y dataset from December 2011 to December 2013, including 137 Cs extractability from SS and SS mineralogy.
Materials and methods

Study site
The study site is a 0.6 km 2 forested catchment located in the northern region of the Abukuma Mountains (Fig. 1 Cs deposition according to an aerial survey [6] .
The study site is hilly with an elevation range of 588-724 m [31] . Several small steep faces and lowlands collectively form a single valley with a stream. This stream is a pristine source for the Shitoki River, which meets the main stream of the Same River 20 km downstream before flowing into the Pacific Ocean.
The annual mean precipitation at the site is 1,910 mm, and the annual mean temperature is 10.7°C [32] . More than half of the annual precipitation occurs from May to October. Seasonal storm events (i.e., typhoon) with heavy rainfall occasionally hit the area during July-October [18] . Seasonally dense precipitation and typhoons are common along the Pacific seaboard of Japan. At the study site, snow is present at a depth of up to 20 cm from the end of January to the beginning of March. The surface soil is brown forest soil and supports a developed deciduous forest. Included in the forest canopy are Fagus crenata, F. japonica, Quercus serrata, Kalopanax pictus, and Acer mono f. marmoratum [33] . At the time of the accident, the trees had shed their leaves and the ground was covered with snow.
Sample collection
The SS sampling point was the downstream portion of 90 % of the catchment area (Fig. 1) . A small-scale filtration system was used during a preliminary sampling period from September to November 2011. It comprised three sequentially connected short (250 mm long), polypropylene-wound cartridge filters with pore sizes of 100, 10 and 0.5. After December 2011, a large-scale, passive, integrated collection system that we developed was employed [30] . In this system, a portion of the river water was led to a filtration system on a bank by using the natural decline in the riverbed level. The study site is a shallow stream with a rocky riverbed. The natural configuration of rocks on the riverbed creates relatively deep points where stream water flows even during lowflow periods. The intake was set at one of these points, where water was not stagnant. The intake had an aluminum funnel (7.5 cm in diameter) at the top of a vinyl hose. The section of the funnel was placed in the middle of the stream against the flow. The inlet was covered with a net of approximately 3 mm mesh to stop the entry of large obstacles such as dead leaves.
The filtration system comprised two types of cartridge filters with nominal pore sizes of 100 lm and 0.5 lm. An important feature of the filter material (polypropylene) was that SS were easily detachable by washing the yarn with water after dismantling the filters. The water flow rate through the system was approximately 1.5-2.5 L min -1 . The flow rate and the cumulative amount of water that passed through were monitored using an inline flow meter (LW10-TTN, Horiba STEC, Kyoto, Japan). An integration period of 20-40 days was chosen considering the cumulative amount of precipitation during the period. The SS from the river were recovered in the laboratory from the cartridge filters and the bottoms of the filter vessels (muddy deposit). The SS samples were size fractionated into the following four fractions: 2000 lm (2 mm)-approximately 3 mm (termed F1), 500-2000 lm (F2), 75-500 lm (F3), and \75 lm (F4).
To evaluate the collection efficiency of the system for SS, the river water discharged from the system was further passed through four short cartridge filters (250 mm length) with a pore size of 0.5 lm (backup filters), which were set in parallel. This evaluation was conducted during three selected collection periods in late 2013.
Monitoring of hydrological conditions and turbidity
The stream water flow rate was evaluated by monitoring the water depth using a rectangular weir (Fig. 1 ) originally installed by Abe et al. [31] for a forest ecology study. The water depth at the weir was recorded every 20 min (until 8-May-2013) or every 15 min (after 8-May-2013) using a pressure gauge (SS-202-10 M-30, KENEK, Tokyo, Japan). The validity of the weir formula was confirmed by manually measuring the water flow at the weir using an electromagnetic flow meter (VP-1000, KENEK, Tokyo, Japan) and scaling the water depth at the weir. The weir was occasionally cleaned for sand deposition. Precipitation was recorded hourly by rain gauges installed in an open plot adjacent to the catchment. A throughfall gauge set nearby the stream water collection point was used when an open rain gauge developed a technical problem. Turbidity (NTU) was recorded every 15 min with a water quality monitor (U-20XD, Horiba, Kyoto, Japan) set adjacent to the depth monitor.
Laboratory analysis
Radioactivity analysis of suspended solids
The 137
Cs concentrations in the size-fractioned SS samples were measured using gamma-ray spectrometry with germanium semiconductor detectors (GEM20P4-70, GEM25P4- Cs. The test showed that our laboratory ranked as the one of the best two laboratories among 19 ones.
Mineralogy of suspended solids
The finer size fractions of the SS (F3 and F4) were analyzed to characterize the 137 Cs-bearing materials. Mineralogical analyses were performed for selected sampling runs representing the various seasons throughout the year. A traditional powder X-ray diffraction (XRD) method (random orientation) was used for a bulk material analysis on an X-ray diffractometer (RINT 1200, Rigaku, Tokyo, Japan). The spectrum analysis was based on the Hanawalt method [34] , and clay minerals were identified for the oriented samples and prepared as follows (powder orientation) [35] . Approximately 10 mg of ground sample was mixed with 20 lL of water. The sample was dispersed by ultrasonic treatment. An aliquot of the slurry was transferred with a pipette and spread on a glass plate. The glass plate was allowed to stand for more than 24 h until it dried. Next, the samples were subjected to the same instrumental analysis used for the powder diffraction experiments.
Extraction of 137 Cs from suspended solids
To estimate the exchangeability of the particulate 137 Cs, an extraction experiment was conducted on the F3 and F4 fractions. Extraction with ammonium acetate was used because this method has been frequently reported in the literature e.g., [36, 37] , and it has also been applied to the case of the Fukushima NPP accident [38] . This wide use of the same method allows for a meaningful comparison among different studies. One gram of freeze-dried SS sample was mixed with 10 mL of ammonium acetate (CH 3 COONH 4 , pH 7) in a centrifuge tube and shaken for 2 h at 25°C. Next, the sample was centrifuged at 3,000 rpm (centrifuge model H-103 N, Kokusan, Tokyo, Japan), and the supernatant was recovered. The remaining solid was washed by adding an additional 5 mL of purified water and centrifuging. The supernatants from the ammonium acetate and single water-wash treatment were combined as an ammonium acetate-extractable fraction for the radiocesium measurements. The radioactivity of the samples in the centrifuge tubes before extraction accounted for 100 % of the radioactivity in the original sample. All radioactivity analyses were conducted by gamma-ray spectrometry at Kanazawa University with EGPC 90-220-R, EGM 3800-30-R, EGMP 60-30-R detectors (CANBERRA, Meriden, USA).
Evaluation of transport load of suspended solids and 137 Cs
The transport load of the SS and that of 137 Cs contained in the SS were evaluated for each large-scale filtration sampling period (R9-R26). The SS mass transport load was defined as the weight of SS (kg) transported with the cumulative river water discharged at the study site. For the purpose of comparison, the cumulative SS load was normalized to a mean daily value over the sampling period. The 137 Cs load was defined as a product of the SS mass load and the 137 Cs concentration in each size fraction. Detailed derivations of the two loads are provided in Appendices 1 and 2.
Results
Suspended solids mass load Table 1 lists the results of the SS collection at the study site from December 2011 to December 2013 (an approximately 2 year hydrological period). Although the collection system was inoperative several times because of obstructions at the river water inlet or freezing in midwinter (February), the system operation rate was 88 %. The daily base SS mass transport load had a large range of variation (0.8-96.5 kg days -1 ) with a mean of 13.7 kg days -1 . The finest fraction, F4 (\75 lm) accounted for 90-95 % of the total SS (Table 1 ). The mean contributions by different size fractions over 2 y (R9-R26, December 2011-December 2013) were 0.4 ± 0.4 % (within a range from 0.1 to 1.4 %) (F1), 1.5 ± 3.5 % (within a range from 0.4 to 5.8 %) (F2), 8 ± 4 % (within a range from 4.5 to 19.0 %) (F3), and 90 ± 4 % (within a range from 76.9 to 94.7 %) (F4).
As a general feature, larger values were observed from July to October in both 2012 and 2013. By contrast, a low load was observed from December to February (R9, R10, R17, R18, and R26). This seasonal variation was similar to that of the precipitation. The relationship of the SS mass load with the amount of precipitation is shown in Fig. 2 . The SS mass load (the whole amount including all size fractions) was positively correlated (r = 0.70, p = 0.01) with the integrated amount of precipitation.
Particularly large loads were evaluated for R12 and R24 (Table 1) . These two runs included extreme rainfall events To keep consistency with other majority of cases, the two fractions were combined in Table 1 (Fig. 3a,  b) caused by a heavy shower of 90 mm in 2 h of July-6-2012, was not observed in our sampling because we stopped the collection system for maintenance during a period that included the event, without anticipation.
Cesium-137 concentration associated with suspended solids Figure 3c shows the 137 Cs concentrations included in SS, which were corrected for radioactive decay at the end of each sampling event ( Tables S1 and S2 of Supplementary Information, respectively. The results of the collection efficiency evaluation indicated that the 137 Cs radioactivity that passed through the main SS collection system (uncollected portion) was only 0.6-1.6 % of the sum of the main collection system and the backup filters (see Table S4 of Supplementary information), indicating that almost all SS were collected.
The temporal variation in the 137 Cs concentration was characterized by a rapid decrease at the beginning of 2012 (*300 days after the nuclear accident), and it was followed by a gradual decrease until the end of 2013 (Fig. 3c) . Regarding the dependency of the 137 Cs concentration on the size fractions, the finest fraction (F4) possessed the highest 137 Cs concentration. In a few cases, the second finest fraction (F3) was comparable with that of F4 based on our earlier observation period (e.g., R1 and R7). Notably, the coarse fraction (F1), which consisted of fine litter fragments, occasionally exhibited a 137 Cs concentration equivalent to or greater than that measured in F4 (i.e., R11, R18, and R23).
Mineralogical result of suspended solid constituents
Quartz, plagioclase, and amphibole were components of the primary minerals in the SS (Fig. 4a) . The distinct presence of plagioclase and amphibole, which are relatively sensitive to weathering, suggests that the SS contained comparatively ''young'' materials. More quartz and plagioclase were found in F3 than F4 (Fig. 4a, b) . The F4 XRD profiles of the selected samples from various seasons are shown in Fig. 4c . The clay minerals vermiculite, mica and kaolinite were also commonly found in the SS. Background XRD signals at *20°were observed in F4 and slightly in F3 (data not shown). These background signals may correspond to amorphous or organic materials. In the F4 size fraction, plagioclase was relatively outstanding in low water conditions (R16, R17, and R19) compared to a period of abundant rain season (R21 and R24). Except this feature, the mineralogical composition of SS exhibited no appreciable seasonal variations. This mineralogical homogeneity might be relevant to the uniformity of the particle size distribution of SS ( Table 1) .
Results of 137 Cs extraction
The proportions of 137 Cs extracted with 1 M ammonium acetate (pH 7.0) for selected samples (i.e., R18, R19, R20, and R21) are shown in Fig. 5 (black bars) . The extracted proportion was low (range 0.5-1.7 %) except for one case (i.e., 5.1 % for the R18 F3 sample). The 5.1 % value is still a minor fraction of the entire amount of 137 Cs in the tested SS samples. Figure 5 (gray bars) also shows the original 137 Cs concentration in the tested SS samples. The extracted proportion was low and independent of the size fraction and original 137 Cs concentrations. 
Discussion
Considerations on methodology of suspended sediment collection
Correction for SS transport load
The SS transport load is a product of SS concentrations and flow rate. The load dynamically changes with river flow conditions in terms of those two values. Ideally, an amount of SS collected at every instance shall be proportional to the dynamically changing load. This might be realized by increasing a collection rate of river water proportionally to a river water flow rate (a flow-weighted collection method). If this collection method was realized, the integration of the collected SS would be a some down-sized value of an actual SS load during a collection period. However, this type of collection method cannot be realized practically [30] . In the present study, the river water collection rate was kept at an almost constant rate through out the collection period (a time-integrated collection method). The rate was determined by a geographical condition (the drop head from the inlet of the collection hose to the filter vessel), not by dynamic hydrographical conditions.
If a SS load is calculated by using a ratio of the accumulated water passed through the SS collection system to the total river water flux during a collection period, the load would be underestimated. This is because the collection rate in this method was not proportional to an instantaneous, actual river water flow rate. A fraction of collected water mass become relatively smaller during high water flow periods compared to low water periods. The SS concentration generally increases during high water flow periods. Therefore, the aforementioned smallness in the fraction of collected water mass leads to underestimation of the SS load which cannot be simply compensated by the ratio of water mass.
We evaluated the degree of this underestimation by simulating the time-integrated load and the flow-weighted load by using the turbidity record and flow rate record of every 15 min. The degree was expressed in a form of correction factors for the load in a time-integrated collection. Here, we considered the turbidity well approximates the SS concentration [39] . Although a complex relationship between the turbidity and the SS concentration has been reported for extreme flooding events [40, 41] , the linear assumption has been proven in various Japanese rivers [39, 42, 43] . The equations used in the correction are given in Appendix 1, along with the correction factors for each run ( Table 2 in the Appendix 1).
Representativeness of collected SS samples
The present method is not a flow-weighted SS collection as described above. If the nature of SS is largely different depending on hydrological conditions, the nature of the collected SS could be biased.
A possible alteration in the SS may be lowering of 137 Cs concentration under high flow conditions due to the increased inclusion of bank and riverbed materials, which could be less contaminated with the radioactive fallout compared with the top surface soil in a forest. However, a (Tables S1, S2 ). In subplot c horizontal bars indicate the length of the sampling period. The letter EQ indicates the time of the Great East Japan Earthquake (March-11-2011) . In this subplot, the result of the preliminary study period (R1-R8) is also included. In all subplots, no lines or no marks indicate observation data do not exist plot of the 137 Cs concentration (averaged over different size fractions) versus the daily average precipitation does not indicate a clear trend with the daily averaged precipitation (p [ 0.38) (Fig. 6a) or with the daily averaged water discharge (p [ 0.23) (Fig. 6b) , nor the SS mass load (p [ 0.32) (Fig. 6c) . This implies a lack of dependence of 137 Cs concentration on hydrological conditions at the study site.
Kinouchi and Onda [44] addressed the dependence at a tributary of the Abukuma River, the catchment of which was also affected by the Fukushima NPP accident. They reported that the 137 Cs concentrations varied from approximately 5 to 30 (Bq g -1 ), and the variation was independent of the SS concentration up to 250 mg L -1 . Ueda et al. [17] also reported that no systematic variations in 137 Cs concentration were observed for SS concentrations in two small streams to the north of the Fukushima Nuclear Power Plant.
These results suggest that the SS samples collected in this study represent the average 137 Cs concentration of transported SS over each sampling period as a first approximation.
Temporal variations in the 137 Cs concentrations in the SS
As indicated in Result section, the 137 Cs concentration decreased rapidly from September 2011 (0.5 years after the accident) until the beginning of 2012, and then decreased gradually until the end of 2013 (Fig. 3c) . This rate of decrease was considerably faster than that due to radioactive disintegration (-2.3 % year -1 for 137 Cs), and it diminished with time. The relevant processes that contribute to a decreasing particulate 137 Cs concentration over time may include (a) vertical migration into deeper soil strata, (b) physicochemical fixation to soil constituents over time, and (c) changes in soil erosion processes due to heavy rainfall events. Nakanishi et al. [10] reported that the vertical migration of 137 Cs into deeper soil layers was limited in our catchment. In a different forested plot, we found a strong Fig. 4 X-ray diffraction spectra of selected suspended solid samples. Symbols to peaks: V vermiculite, M mica, A amphibole, K kaolinite, Q quartz, P plagioclase. a a sample spectrum of the random orientation for major minerals analysis (sample R17, sampling period from November 26, 2012 to December 21, 2012; the size fraction F3, 75-500 lm). b a sample spectrum of the powder orientation for clay minerals identification for size fraction F4 (\75 lm) of the identical sampling occasion (R17). c spectra of the all analyzed size fractions F4 by powder orientation fixation of 137 Cs to surface soil within the first 3 months after the Fukushima Daiichi NPP accident [45] . These results suggest that 137 Cs remained in surface litter and surface soil and that fixation to soil had already been established before September 2011. Therefore, the former two processes could not sufficiently explain the temporal changes in the 137 Cs concentration in the SS. The last hypothesis (c) is probable because heavy precipitation related to typhoons or along active fronts likely redistributes easily erodible, polluted soil surfaces in ephemeral streams. In particular, Typhoon Roke in September 2011 discharged significant quantities of radiocesium into rivers in Fukushima Prefecture [16, 18] . This may have contributed to the rapid decrease in the 137 Cs concentration in the stream SS until the beginning of 2012.
Fluvial transport load of particulate 137 Cs
The particulate 137 Cs load is illustrated in Fig. 7 . Numerically, in Table S5 of Supplementary information. One remarkable feature is that the seasonal variation in the 137 Cs load is reproducible over the 2 years period (2012 and 2013). The particulate load exhibited a characteristic seasonal change: it was low during the collection periods from November to March (R9-R11, R18-R20, and R26), while higher values were observed from July to October (R13-R16, and R22-R25).
A comparison of Fig. 7 with the SS mass load (the column mass load, Table 1) indicates that the 137 Cs load that was nearly exclusively controlled by the SS mass load. The variation in the 137 Cs load was tightly correlated with the rainfall events, which typically increased the SS mass load. This macroscopic feature is considered to have a link to microscopic characteristics. The present extraction experiment indicated a low proportion of 137 Cs extracted by 1 M ammonium acetate in the fine SS fractions (Fig. 5) . The mineralogical analysis revealed that several types of silicate clay minerals were always present in the SS (Fig. 4c) . These phyllosilicate clay minerals strongly Table 1 adsorb Cs ions [34, 46] . Accordingly, most of the 137 Cs was strongly associated with the fine SS fractions.
The finest fraction (F4) surpassed the other fractions in terms of SS (Table 1; Fig. 2 ). The mean contribution of F4 to the particle size distribution was 90 %, with a standard deviation of 4 % ( Table 1) . This result is consistent with the suggestion by Tanaka et al. [21] , who studied the midstream area of the Abukuma River. These authors suggested that particulate 137 Cs was selectively transported from upstream by fine particles. The present results from a pristine stream further imply that size selection had already occurred, at least in part, during the transport of the eroded surface soil particles from the ground to the stream, as suggested by He and Walling [47] .
The particulate 137 Cs load had a distinctly large value in R12 and R24 (Fig. 7) . This extent corresponds to the large SS load related to extreme rainfall events (Fig. 3b) . In our collection, one large flood event (flood-2, Fig. 3b ) was not included. Therefore, the real annual load of 2012 must be larger than the present calculation, presumably by 1.5-2-fold (see the description in the Results section for suspended solid mass load related to Fig. 3b) .
Consideration of possible inter-annual variation in particulate 137 Cs loads
Inter-annual variations in precipitation would cause a yearly difference in the SS mass load. Abe et al. [31] reported a multi-year record of monthly precipitation at the study site during [2001] [2002] [2003] [2004] [2005] [2006] . In their record, the inter-annual variations reached 1.5 times the annual precipitation, with a mean of 1832 mm (range 1604-2328 mm). In this study, the annual precipitation of 2139 mm in 2012 decreased to 1697 mm in the following year (2013). Such inter-annual variations could be expected to occur repeatedly hereafter. Accordingly, the SS mass load could be largely influenced by the inter-annual variation in precipitation. In addition, if an extreme rainfall event occurs, the single event could significantly contribute to the annual load, e.g., more than half of the total.
Implications of this study
Significance of long-term observation
In the present study, the meaning of low-and high-flow periods in terms of the annual particulate 137 Cs load was evaluated. This quantitative analysis would not have been possible without actual observations spanning one hydrological year. Furthermore, our 2 years observation period confirmed a seasonal reproducibility of increases/decreases in the particulate 137 Cs load. One year of observation cannot verify the reproducibility of the variation.
Significance of the local hydrology and geomorphology
The Chernobyl accident of 1986 caused radioactive contamination of the surface water bodies of rivers and reservoirs e.g., [48] . Radionuclide concentrations along with the flow rate were monitored in the Pripyat River system in the vicinity the Chernobyl NPP by frequent manual sampling (2-8 times per month) [49] . This monitoring continued for more than 15 years.
In contrast with Japanese rivers [16-18, this study], the fluvial 137 Cs transport load did not exhibit a sensitive increasing response to the flooding events caused by snow melts in spring or by several large precipitation events e.g., [48] . This contrast must be due to the difference in the geomorphology. The Pripyat River catchment consists primarily of flat ground developed in low land. Therefore, water (precipitation on the ground or river water inundating a plain along the river) does not flow with sufficient force to cause surface soil erosion. Instead, it promotes the dissolution of radionuclides with high solubility (e.g., 90 Sr) in the natural environment [29, 48, 50] . Thus, the high sensitivity of the particulate 137 Cs load to rainfall events in the present study environment is considered to be related to the local hydrology and geomorphology in Japan. Cs to the SS constituents at the site, which comprises layered clay minerals of kaolinite, vermiculite, and weathered mica, and also due to the comparatively uniform 137 Cs concentration in SS as a function of sampling periods.
Conclusions
These hydrological and radiochemical causes are considered to determine the fluvial load of the particulate 137 Cs in the forested, hilly catchment affected by the Fukushima Daiichi NPP accident. The particulate 137 Cs load was subject to inter-annual variations in rainfall and decreased gradually over a long period of time due to a decrease in the 137 Cs concentration in SS. The present findings and discussions in this study indicate that the particulate 137 Cs load was sensitive to the inter-annual variations in rainfall, which is related to the local hydrology and geomorphology in Japan.
A progressive decrease in the 137 Cs concentration in SS over 2 years indicates that the forest environment remains dynamic in terms of its ability to redistribute radioactive fallout. Such long-term seasonal and temporal variations should be considered in the fate of 137 Cs fallout in mountainous regions.
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Appendix 1: Equations for the mass transport load of suspended solids
In the reality in the field condition, a continuous monitoring of SS concentration is not possible. In this study, the correction factor (see the section of Correction for SS transport load in Discussion) was estimated using a value for turbidity as, a surrogate for the SS concentration with an assumption of a linear relation between the turbidity and SS concentration.
The SS load was evaluated in the following manner for each sampling period. In the following, the notation i (1, 2, 3, or 4) denotes the size fraction of F1, F2, F3 or F4. First, a nominal SS load from a time-integral collection was evaluated (Step 1). Next, a correction factor for the underestimation associated with the time-integrated method was elucidated using the turbidity record (Step 2). Finally, the probable load expected from flowweighted collection was evaluated (Step 3). Values of the correction factor are listed in Table 2 .
Irregular turbidity records such as very high values under normal flow conditions were replaced with calculated values by a relationship between the flow rate and the turbidity (Fig. 8, Table 3 ): T = 1941 Q -25, where T is the turbidity, Q is the flow rate (m 3 s -1 ), and r = 0.60. For instances of extremely low flow rates, this calculation yields negative values because the regression line has a negative y-intercept. Because a negative turbidity value is not logical, these negative values were artificially converted to 1 (turbidity) as the minimum probable value. The influence of this adjustment is limited because this occurred only at a low flow rate. When the calculation produced a T value larger than 990, which is the upper limit of the used turbidity sensor, T was artificially converted to 990 because the regression line is valid within the dynamic range of the sensor. (1)
Step 1
ml SS ; i ¼ W Â 0:001 Â ðQ=qÞ Â f i Â 0:01=D ð3Þ NML SS ¼ ml SS ; 1 þ ml SS ; 2 þ ml SS ; 3 þ ml SS ; 4 ð4Þ
where W is the total weight of collected SS in the period (g), w i is the weight of collected SS of size fraction i in the period (g), f i is the fractional percent of w i by size fraction (%), ml SS , i is the mass transport load of SS for size i (kg days -1 ), q is the cumulative volume of water passing through the filtration system in the period (m 3 ), Q is the cumulative river water discharge over the period (m 3 ), D is the duration of the period (days) and NML SS is the nominal total mass transport load of SS (kg days -1 ). (2) Step 2
where CF is the correction factor (-), Q i is the stream water flow rate at time i (m 3 s -1 ), T i is the turbidity at time i (NTU), i is the recording time of water flow and turbidity at every 15 min, i = 1, N and N is the the end point of the recording of the run. Fig . 8 Regression of turbidity for the stream water flow rate during selected rainfall events. The selected rainfall events are listed in Table 3 where ML SS is the total mass transport load of SS expected in flow-weighted collection (kg days -1 ).
